In recent years, there has been growing concern regarding the use of petroleum-based lubricants. This concern has generated interest in readily biodegradable fluids such as vegetable oils. The present work evaluated the rheological and tribological characteristics of sunflower oil modified with silicon dioxide (SiO 2 ) and titanium dioxide (TiO 2 ) nanoparticles as lubricant additives at different concentrations. A parallel plate rheometer was used to evaluate the effects of concentration and shear rate on the shear viscosity, and the experimental data was compared with conventional models. The wear protection and friction characteristics of the oil-formulations were evaluated by conducting block-on-ring sliding tests. Surface analysis-based instruments, including scanning electron microscopy (SEM), energy-dispersive spectroscopy (EDS), and profilometry, were used to characterize the morphology and structure of the worn surfaces. The experimental results showed that the coefficient of friction decreased with the addition of SiO 2 and TiO 2 nanoparticles by 77.7% and 93.7%, respectively when compared to base sunflower oil. Furthermore, the volume loss was lowered by 74.1% and 70.1%, with the addition of SiO 2 and TiO 2 nanoparticles, respectively. Based on the experimental results, the authors conclude that modified sunflower oil enhanced with nanoparticles has the potential for use as a good biodegradable lubricant.
Introduction
There has been growing concern over the environmental impact of the use of petroleum-based lubricants. Every year, about 38 million metric tons of lubricants are used worldwide, and the most common lubricant is petroleum-based [1] . Furthermore, the depletion of fossil fuels and the fluctuation of petroleum prices has raised interest in biodegradable lubricants. Lubricants play an important role in decreasing friction and wear of mechanical contacts [2] .
Before mineral oil was discovered, vegetable oils were extensively used in machinery. Given its relatively low cost and good performance, mineral oil has been used extensively. In recent years, due to price fluctuations, legal issues, and growing concerns around environmental health, biodegradable oil has gained an increased scope in lubrication [3] . Recently, significant focus has shifted towards vegetable oils, such as canola oil, sunflower oil, coconut oil, rapeseed oil, jojoba oil, soybean oil, and pongamia oil, among others. Vegetable oils possess high lubricity, a high viscosity index, and low volatility, which are excellent lubricating properties [4, 5] . Since the main drawback of vegetable oils is poor oxidation, there have been efforts in improving thermo-oxidation [6] . Oxidation occurs in vegetable oils through the free radical mechanism and it can be reduced by decreasing free fatty acids.
Recently, some focus has been on sunflower oil which is readily available, eco-friendly, and renewable [7] . Vegetable oils contain natural esters that promote a natural attraction to metals. This is due to the fact that vegetable oils in nature are amphiphilic, meaning they have polar groups and long fatty acid chains. The natural esters of vegetable oils provide the advantage of a high flash point and biodegradability, but one disadvantage of a natural ester is oxidation. Sunflower oil consists of 59% polyunsaturated fat, linoleic acid, and 30% monounsaturated fat, oleic acid. Given its oleic acid concentration, sunflower oil has good oxidation properties [8] .
Additives have been used to improve lubricant oil properties. These include antiwear additives, extreme pressure additives, viscosity control additives, film-forming additives, and deposit control additives [9] . Recently, much attention has been given towards nanoparticles since they possess unique properties when compared to their bulk counterparts. Studies in the use of nanoparticles as additives have shown to reduce friction and wear. Peng and co-workers found that by adding SiO 2 and diamond nanoparticles in liquid paraffin, friction decreased when compared to plain liquid paraffin oil [10] . Hernandez studied the effect of adding ZnO, CuO, and ZrO 2 nanoparticles in polyalphaolefin, and found that friction and wear decreased due to the nanoparticles acting as load-bearings [11] . Different lubrication mechanisms, namely the mending effect [12] , the rolling effect [13] [14] [15] , polishing effect [16] [17] [18] [19] , and protective film [20] [21] [22] have been proposed to describe the role of nanoparticles in lubricant oil. Although nanoparticles have proven to enhance lubricant properties, the current issue is compatibility, as stated by Gulzar and co-workers [23] . After a while, nanoparticles tend to sediment making the lubricant no longer uniform. Therefore, a key challenge in nano-lubrication is formulating stable suspension since sediments and agglomerates will form due to less stable suspension over a long period of lubricant in static conditions [3] .
The main aim of this study was to evaluate the lubrication performance of sunflower oil modified by the addition of SiO 2 and TiO 2 nanoparticles at different concentrations. The study is divided into two stages. In the first stage, we evaluated the effect of concentration and shear rate on the viscosity, and the experimental data were compared to the power-law and the Cross-equation theoretical models. In the second stage, the coefficient of friction (COF) and wear volume loss were evaluated under sliding conditions using block-on-ring testing. After the tribological tests, the worn surfaces were analyzed via scanning electron microscopy (SEM), energy-dispersive spectroscopy (EDS), and profilometry.
Materials and Methods

Formulation of the Nano-Lubricants
Different concentrations of SiO 2 and TiO 2 nanoparticles from US Research Nano Co. (Houston, TX, USA) were dispersed in commercially available sunflower oil to formulate the nano-lubricants. Figure 1 shows the morphology of the nanoparticles. SiO 2 nanoparticles with particle sizes between 20 and 30 nm can be observed in Figure 1a . Figure 1b shows a SEM micrograph of TiO 2 nanoparticles, with particle sizes between 25 and 35 nm.
The main characteristics of the lubricant and the nanoparticles are presented in Table 1 . A Mettler Toledo XS205DU electronic balance (Mettler-Toledo LLC, Columbus, OH, USA) to an accuracy of 0.01 mg was used to measure the density of the sunflower oil on a weight to volume basis using a 25 mL flask. A field emission scanning electron microscope (FE-SEM) ZEISS SIGMA VP (Carl Zeiss SBE, Thornwood, NY, USA) was used to analyze the morphology of the nanoparticles. To prepare the nano-lubricants, we added different nanoparticle concentrations (0.25, 0.50, 0.75, 1.00, and 1.25 wt. %) separately into the sunflower oil, followed by ultrasonication for 5 min using a 120-Watt Fisherbrand™ Model 120 sonic dismembrator (Thermo Fisher Scientific Inc., Waltham, MA, USA). The process was done at a frequency of 20 kHz to guarantee uniform dispersion and good stability of the suspension. 
Different concentrations of SiO2 and TiO2 nanoparticles from US Research Nano Co. (Houston, TX, USA) were dispersed in commercially available sunflower oil to formulate the nano-lubricants. Figure 1 shows the morphology of the nanoparticles. SiO2 nanoparticles with particle sizes between 20 and 30 nm can be observed in Figure 1a . Figure 1b shows a SEM micrograph of TiO2 nanoparticles, with particle sizes between 25 and 35 nm. 
Rheological Measurements
The rheological characterization of the SiO 2 and TiO 2 nanoparticles dispersed in sunflower oil was carried out using a commercial rheometer HAAKE RS-150 RheoStress (Haake Instruments, Inc., Paramus, NJ, USA) with a double parallel plates spindle. The distance between the upper and lower plates was 0.5 mm. A volume of 0.9 mL of the testing sample was used for the analysis. The sunflower oil-nanoparticle system is considered as a colloidal suspension or non-Newtonian fluid with either shear thinning or thickening characteristics depending on the nanoparticle size [24, 25] . The rheological characterization was performed at 22 • C, which was controlled during the measurements. The viscosity and shear stress of all samples was set from a shear rate in a range from 10 to 120 s −1 .
Tribological Characterization
A custom-made block-on-ring tribostester was used to perform sliding wear tests to determine the COF and volumetric wear under extreme pressures following the ASTM G-077-05 [26] procedure. Figure 2 shows a schematic diagram of the block-on-ring tribotester, with its main components. An oil bath chamber fixture was used for the tribological experiments. The characteristics of the tested materials are presented in Table 1 . During the sliding wear tests, nano-lubricants were placed in the oil bath chamber to allow constant lubrication, while the test ring rotated, covering it in lubricant by the action of centrifugal forces. Tribological tests were run using a load of 400 N (corresponding to a contact pressure of 335 MPa), at an environment temperature of 25 • C, at 172 rpm, over 1200 s. A Mettler Toledo XS205DU electronic balance (Mettler-Toledo LLC, Columbus, OH, USA) to an accuracy of 0.01 mg was used to determine the wear mass loss gravimetrically. Before the gravimetric measurement of wear, Lubricants 2020, 8, 10 4 of 13 specimens were washed in soapy water, thoroughly rinsed in water, cleaned ultrasonically in ethanol for 20 min, and then left in an atmosphere-controlled room for 24 h to dry and thermally stabilize. We used a specific density of 8 g/cm 3 for AISI 304 steel blocks to convert wear mass loss into wear volume loss. The friction force was recorded continuously during each test. To assure reliability and reproducibility, we repeated the sliding tests three times. 
Surface Analysis
Surface morphology characteristics of the wear scars on the worn specimens and their surface roughness were analyzed using a field emission scanning electron microscope (FE-SEM) ZEISS SIGMA VP (Carl Zeiss SBE, Thornwood, NY, USA) equipped with an energy dispersive x-ray spectrometer (EDS) analyzer (EDAX Inc., Mahwah, NJ, USA). A MahrSurf M300 C surface profilometer (Mahr Inc., Providence, RI, USA) was used to analyze the surface roughness on the wear scars.
Results and Discussion
Rheological Characterization.
To better understand the behavior of the lubricant oils with nanoparticles, we studied the rheological properties. Figure As the concentration of SiO2 increased, the measured viscosity increased. The highest viscosity observed was 128 cP at a concentration of 1.25% SiO2. Another notable characteristic observed was shear thinning behavior in the new nanoparticle-based lubricant. This behavior agrees with findings obtained by Sanukrishna and coworkers, who studied the rheological behavior of SiO2 nanoparticles dispersed into synthetic polyalkylene glycol (PAG) refrigerant compressor oil [27] .
The rheological behavior for sunflower oil with TiO2 nanoparticles is shown in Figures 6 and 7 . Contrary to SiO2 nanoparticles, TiO2 nanoparticles in sunflower oil lowered the viscosity. The viscosity showed similar behavior in 0.25% and 0.50% TiO2 concentrations. The lowest viscosity behavior was observed at a 1.00% TiO2 concentration. Similar behavior was also observed at 0.75% and 1.25% TiO2 nanoparticle concentrations. Although the viscosity decreased with the addition of TiO2, shear thickening behavior was observed when TiO2 was added given that the power-law index was greater than 1. Similar results were obtained by Ghasemi et al. when they studied the rheological behavior of (TiO2) nanoparticles dispersed in an engine lubricant oil [28] . It is well known that the nanoparticle size and concertation can affect the rheological properties of colloidal suspensions such as oil/nanoparticle systems [25] . 
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Results and Discussion
Rheological Characterization
To better understand the behavior of the lubricant oils with nanoparticles, we studied the rheological properties. Figure Another notable characteristic observed was shear thinning behavior in the new nanoparticle-based lubricant. This behavior agrees with findings obtained by Sanukrishna and coworkers, who studied the rheological behavior of SiO 2 nanoparticles dispersed into synthetic polyalkylene glycol (PAG) refrigerant compressor oil [27] .
The rheological behavior for sunflower oil with TiO 2 nanoparticles is shown in Figures 6 and 7 . Contrary to SiO 2 nanoparticles, TiO 2 nanoparticles in sunflower oil lowered the viscosity. The viscosity showed similar behavior in 0.25% and 0.50% TiO 2 concentrations. The lowest viscosity behavior was observed at a 1.00% TiO 2 concentration. Similar behavior was also observed at 0.75% and 1.25% TiO 2 nanoparticle concentrations. Although the viscosity decreased with the addition of TiO 2 , shear thickening behavior was observed when TiO 2 was added given that the power-law index was greater than 1. Similar results were obtained by Ghasemi et al. when they studied the rheological behavior of (TiO 2 ) nanoparticles dispersed in an engine lubricant oil [28] . It is well known that the nanoparticle size and concertation can affect the rheological properties of colloidal suspensions such as oil/nanoparticle systems [25] . 
Power Law and Cross-Equation Rheological Models
The power-law is the simplest model to describe shear viscosity as a function of the rate of deformation. The power law consists of two parameters which, as shown in Equation (1), help to express viscosity.
=
(1)
In Equation (1), K represents the consistency coefficient and n the power-law index. If n < 1, the behavior of the fluid is shear thinning; when n = 1 it represents a Newtonian fluid, and when n > 1 the fluid is shear thickening. The power law-fitted equations are shown in Figures 4 and 6 . On the other hand, the Cross method can be used to improve the empirical model further. The Cross-model is shown below in Equation (2).
Here, K is a consistency index, η0 represents viscosity at a very low shear rate, η∞ represents infinite viscosity, and n is the flow behavior index [28] . Figures 5 and 7 show the Cross-equation data for sunflower base oil with SiO2 and TiO2, respectively. Table 2 displays the empirical model's parameters, accompanied with the error sum of squares (SSE). 
Power Law and Cross-Equation Rheological Models
In Equation (1), K represents the consistency coefficient and n the power-law index. If n < 1, the behavior of the fluid is shear thinning; when n = 1 it represents a Newtonian fluid, and when n > 1 the fluid is shear thickening. The power law-fitted equations are shown in Figures 4 and 6 . On the other hand, the Cross method can be used to improve the empirical model further. The Cross-model is shown below in Equation (2) .
Here, K is a consistency index, η 0 represents viscosity at a very low shear rate, η ∞ represents infinite viscosity, and n is the flow behavior index [28] . Figures 5 and 7 show the Cross-equation data for sunflower base oil with SiO 2 and TiO 2 , respectively. Table 2 displays the empirical model's parameters, accompanied with the error sum of squares (SSE). The better empirical model to fit to the experimental data was the Cross-equation model based on the coefficient of determination (R 2 ). At higher shear rate values, the nanoparticle-based lubricants presented a nonlinear behavior; therefore, the parameters of η 0 and η ∞ were needed to express this behavior.
Tribological Results
The tribological performance of the sunflower oil was assessed with and without nanoparticle additives. Figure 8 shows the effect of nanoparticle concentration on the friction force with respect to time. These values were determined from the block-on-ring configuration tribological tests. Equation (3) was used to calculate the coefficient of friction, and it is shown below,
where µ is the coefficient of friction, F is the friction force measured by a force sensor built-in the tribotester, and N is the applied normal force. From Figure 8a , it is noted that the addition of SiO 2 nanoparticles decreases the frictional force. The coefficient of friction was also lowered with the addition of nanoparticles, which was similar to Peng and co-workers' findings [10] . For sunflower oil with SiO 2 , the coefficient of friction was lowered from 0.0511, which corresponded to sunflower without nanoparticles at 0.0141, corresponding to a 0.25% SiO 2 concentration, as shown in Figure 9a . From there, the COF increased up to a value of 0.0190 at 0.75% SiO 2 , and afterward, it decreased to its minimum value of 0.0144 corresponding to a concentration of 1.25% SiO 2 . The effect of TiO 2 nanoparticles on the COF is shown in Figure 9b . The addition of TiO 2 nanoparticles resulted in decreased values of coefficient of friction, which agreed with Saravanakumar and co-workers' findings [29] . As the concentration of nanoparticles increased, the COF decreased until the TiO 2 concentration reached 1.00%, as shown in Figure 9b . By adding SiO 2 and TiO 2 nanoparticles to the sunflower based oil, the COF was decreased by 77.7% and 93.7%, respectively.
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where µ is the coefficient of friction, F is the friction force measured by a force sensor built-in the tribotester, and N is the applied normal force. From Figure 8a , it is noted that the addition of SiO2 nanoparticles decreases the frictional force. The coefficient of friction was also lowered with the addition of nanoparticles, which was similar to Peng and co-workers' findings [10] . For sunflower oil with SiO2, the coefficient of friction was lowered from 0.0511, which corresponded to sunflower without nanoparticles at 0.0141, corresponding to a 0.25% SiO2 concentration, as shown in Figure 9a . From there, the COF increased up to a value of 0.0190 at 0.75% SiO2, and afterward, it decreased to its minimum value of 0.0144 corresponding to a concentration of 1.25% SiO2. The effect of TiO2 nanoparticles on the COF is shown in Figure 9b . The addition of TiO2 nanoparticles resulted in decreased values of coefficient of friction, which agreed with Saravanakumar and co-workers' findings [29] . As the concentration of nanoparticles increased, the COF decreased until the TiO2 concentration reached 1.00%, as shown in Figure 9b . By adding SiO2 and TiO2 nanoparticles to the sunflower based oil, the COF was decreased by 77.7% and 93.7%, respectively. The volumetric wear loss of the AISI 304 stainless steel specimens after the block-on-ring runs is shown in Figure 10 . From Figure 10a , it could be observed that as the addition of SiO 2 increased, the volumetric wear decreased initially and then increased, but eventually reaching a minimum value at the highest SiO 2 concentration of 0.25%. Compared to the sunflower base oil without nanoparticle additives, the addition of 1.25% SiO 2 lowered the volumetric wear by 74.1%. Similar to the SiO 2 nanoparticles, the addition of TiO 2 nanoparticles lowered the volumetric wear. At the concentration of 1.00% TiO 2 , it could be observed that the volumetric wear decreased by 70.1% compared to the sunflower base oil, as shown in Figure 10b . The volumetric wear loss of the AISI 304 stainless steel specimens after the block-on-ring runs is shown in Figure 10 . From Figure 10a , it could be observed that as the addition of SiO2 increased, the volumetric wear decreased initially and then increased, but eventually reaching a minimum value at the highest SiO2 concentration of 0.25%. Compared to the sunflower base oil without nanoparticle additives, the addition of 1.25% SiO2 lowered the volumetric wear by 74.1%. Similar to the SiO2 nanoparticles, the addition of TiO2 nanoparticles lowered the volumetric wear. At the concentration of 1.00% TiO2, it could be observed that the volumetric wear decreased by 70.1% compared to the sunflower base oil, as shown in Figure 10b . 
SEM and EDS Analysis
SEM and EDS analyzed the worn surfaces of the tested blocks. SEM images showing the surface morphology of the wear scars produced during the wear trials are presented in Figure 11 . The SEM image of the wear scar produced during the wear test lubricated with sunflower oil without additives is shown in Figure 11a . The wear scar presents a harsh surface with numerous grooves and deep furrows that are evenly spread on the contact zone. Figure 11b shows a SEM micrograph of the wear scar produced with sunflower oil enhanced with SiO2 nanoparticles, at a concentration of 1.25 wt. %. Grooves and furrows could be observed in the wear track, along with localized micro-pitting. A Figure 11c shows a SEM micrograph of the wear scar produced with coconut oil enhanced with 1.0 wt. % TiO2 nanoparticles. It could be observed that at an optimum concentration of TiO2 nanoparticles, the wear track revealed shallow and smooth micro-grooves, as well as shallow furrows. Furthermore, small quasi-spherical debris was observed as adhered to the worn surface.
According to the SEM images shown in Figure 11 , the change in the morphology of the wear scar produced by the nano-lubricants can be attributed to the polishing effect, which reduces friction and increases antiwear capacity [16] [17] [18] [19] . The mechanism of the nanoparticles polishing has been reported for sliding tests by Chang, et al. [17] , using nano-TiO2 as an additive. Work by Peng et al. confirmed this polishing effect when nano-SiO2 and Al nanoparticles were used as lubricant additives [18, 19] . 
SEM and EDS analyzed the worn surfaces of the tested blocks. SEM images showing the surface morphology of the wear scars produced during the wear trials are presented in Figure 11 . The SEM image of the wear scar produced during the wear test lubricated with sunflower oil without additives is shown in Figure 11a . The wear scar presents a harsh surface with numerous grooves and deep furrows that are evenly spread on the contact zone. Figure 11b shows a SEM micrograph of the wear scar produced with sunflower oil enhanced with SiO 2 nanoparticles, at a concentration of 1.25 wt. %. Grooves and furrows could be observed in the wear track, along with localized micro-pitting. A Figure 11c shows a SEM micrograph of the wear scar produced with coconut oil enhanced with 1.0 wt. % TiO 2 nanoparticles. It could be observed that at an optimum concentration of TiO 2 nanoparticles, the wear track revealed shallow and smooth micro-grooves, as well as shallow furrows. Furthermore, small quasi-spherical debris was observed as adhered to the worn surface.
According to the SEM images shown in Figure 11 , the change in the morphology of the wear scar produced by the nano-lubricants can be attributed to the polishing effect, which reduces friction and increases antiwear capacity [16] [17] [18] [19] . The mechanism of the nanoparticles polishing has been reported for sliding tests by Chang, et al. [17] , using nano-TiO 2 as an additive. Work by Peng et al. confirmed this polishing effect when nano-SiO 2 and Al nanoparticles were used as lubricant additives [18, 19] . Figure 12a and Figure 12b , respectively, show the SEM images of the wear scars and the related EDS elemental analysis of selected areas for specimens tested with sunflower oil without nanoparticle additives and with SiO2 nanoparticles at 1.25 wt. %. For these two specimens, the EDS spectra as shown in Figure 12a ,b are almost identical, presenting peaks for the elements contained in the AISI 52100 alloy, including silicon (Si). Figure 11c shows a SEM micrograph of the wear scar and the related EDS elemental analysis of specimens tested with the nano-lubricant containing TiO2 nanoparticles at a 1.0 wt. %. For this specimen, the EDS spectra presented peaks for the elements contained within the AISI 52100 alloy, similar to the two previous conditions. Titanium (Ti), which is not part of the AISI 52100 alloy, was also detected. The elemental weight percentages of the wear scars on the specimens tested with different nano-lubricants are presented in Table 3 . A high Ti content (i.e., 9.31%) was observed on the worn surface of the specimen tested with sunflower oil with TiO2 nanoparticles at a 1.0 wt. %. This concentration could be attributed to the protective film effect [20] [21] [22] . Gulzar et al. obtained similar results during tribological studies of chemically modified palm oil (CMPO) by the addition of copper oxide (CuO) and molybdenum disulfide (MoS2) nanoparticles [30] . Figure 12a ,b, respectively, show the SEM images of the wear scars and the related EDS elemental analysis of selected areas for specimens tested with sunflower oil without nanoparticle additives and with SiO 2 nanoparticles at 1.25 wt. %. For these two specimens, the EDS spectra as shown in Figure 12a ,b are almost identical, presenting peaks for the elements contained in the AISI 52100 alloy, including silicon (Si). Figure 11c shows a SEM micrograph of the wear scar and the related EDS elemental analysis of specimens tested with the nano-lubricant containing TiO 2 nanoparticles at a 1.0 wt. %. For this specimen, the EDS spectra presented peaks for the elements contained within the AISI 52100 alloy, similar to the two previous conditions. Titanium (Ti), which is not part of the AISI 52100 alloy, was also detected. The elemental weight percentages of the wear scars on the specimens tested with different nano-lubricants are presented in Table 3 . A high Ti content (i.e., 9.31%) was observed on the worn surface of the specimen tested with sunflower oil with TiO 2 nanoparticles at a 1.0 wt. %. This concentration could be attributed to the protective film effect [20] [21] [22] . Gulzar et al. obtained similar results during tribological studies of chemically modified palm oil (CMPO) by the addition of copper oxide (CuO) and molybdenum disulfide (MoS 2 ) nanoparticles [30] . 
Surface Roughness Analysis
The average values of the arithmetical mean height (Ra) of the assessed profile of the wear scars produced during wear testing with different lubricants are shown in Figure 13 . The Ra value of the specimen before testing was included for comparison. The surface roughness of the wear scar produced during the wear test lubricated with sunflower oil without additives increased from 0.195 to 0.432 µm, as compared to that of the specimen before testing. However, the surface roughness on the wear scars decreased considerably from the inclusion of SiO2 and TiO2 nanoparticles as lubricant additives. In the case of the sunflower oil nano-lubricant with 1.25 wt. % SiO2 nanoparticles, there 
The average values of the arithmetical mean height (Ra) of the assessed profile of the wear scars produced during wear testing with different lubricants are shown in Figure 13 . The Ra value of the specimen before testing was included for comparison. The surface roughness of the wear scar produced during the wear test lubricated with sunflower oil without additives increased from 0.195 to 0.432 µm, as compared to that of the specimen before testing. However, the surface roughness on the wear scars decreased considerably from the inclusion of SiO 2 and TiO 2 nanoparticles as lubricant additives. In the case of the sunflower oil nano-lubricant with 1.25 wt. % SiO 2 nanoparticles, there was a decrease of 69.9% in the surface roughness compared to that on the wear scar produced by sunflower oil without additives. The addition of TiO 2 nanoparticles with a concentration of 1.0 wt. % to the sunflower oil resulted in a surface roughness reduction of 78.0%, as compared to the roughness on the wear scar produced by sunflower oil without additives. The presence of the polishing effect could be confirmed by the reduction in the surface roughness of the wear scars produced by the nano-lubricants. The polishing effect is known as a lubrication mechanism present when the roughness of the lubricating surface is reduced by abrasion assisted by nanoparticles [16] [17] [18] [19] . Previous studies [31, 32] reported similar results where the tendency of surface roughness reduction was attributed to the polishing effect produced by nanoparticles for all nano-lubricants.
Lubricants 2020, 8, x 12 of 14 was a decrease of 69.9% in the surface roughness compared to that on the wear scar produced by sunflower oil without additives. The addition of TiO2 nanoparticles with a concentration of 1.0 wt. % to the sunflower oil resulted in a surface roughness reduction of 78.0%, as compared to the roughness on the wear scar produced by sunflower oil without additives. The presence of the polishing effect could be confirmed by the reduction in the surface roughness of the wear scars produced by the nanolubricants. The polishing effect is known as a lubrication mechanism present when the roughness of the lubricating surface is reduced by abrasion assisted by nanoparticles [16] [17] [18] [19] . Previous studies [31, 32] reported similar results where the tendency of surface roughness reduction was attributed to the polishing effect produced by nanoparticles for all nano-lubricants. 
Conclusions
In the present study, the effects of SiO2 and TiO2 on the rheological behavior and lubrication performance of sunflower oil were investigated. The conclusions drawn from the results are summarized as follows:
•
The rheological behavior of the sunflower nano-lubricant is dependent on the concentration and type of nanoparticles. For sunflower oil enhanced with SiO2 nanoparticles, the viscosity increased at higher concentrations, whereas for sunflower oil enhanced with TiO2 nanoparticles, the viscosity decreased as the concentration of TiO2 nanoparticles increased. • Different rheological behaviors were observed by adding SiO2 and TiO2 into the sunflower oil. The sunflower oil enhanced with SiO2 nanoparticles presented a shear-thinning behavior, whereas the sunflower oil enhanced with TiO2 nanoparticles showed a shear thickening behavior. • SiO2 and TiO2 nanoparticles were effective additives for incorporation into the sunflower oil; where they reduced the COF and wear volume loss by 77.7 and 74.1%, and 93.7 and 70.1%, respectively. •
The surface enhancement of the worn surfaces via the polishing effect produced by the nanoparticle additives was confirmed using SEM and profilometry analyses. The protective film lubrication mechanism was discovered using EDS elemental analysis on the worn surfaces. 
Conclusions
In the present study, the effects of SiO 2 and TiO 2 on the rheological behavior and lubrication performance of sunflower oil were investigated. The conclusions drawn from the results are summarized as follows:
•
The rheological behavior of the sunflower nano-lubricant is dependent on the concentration and type of nanoparticles. For sunflower oil enhanced with SiO 2 nanoparticles, the viscosity increased at higher concentrations, whereas for sunflower oil enhanced with TiO 2 nanoparticles, the viscosity decreased as the concentration of TiO 2 nanoparticles increased. • Different rheological behaviors were observed by adding SiO 2 and TiO 2 into the sunflower oil. The sunflower oil enhanced with SiO 2 nanoparticles presented a shear-thinning behavior, whereas the sunflower oil enhanced with TiO 2 nanoparticles showed a shear thickening behavior. • SiO 2 and TiO 2 nanoparticles were effective additives for incorporation into the sunflower oil; where they reduced the COF and wear volume loss by 77.7 and 74.1%, and 93.7 and 70.1%, respectively.
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